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Introduction
============

Already two millennia ago, Aristotle described the vital importance of the vascular system as follows: 'the system of blood vessels can be compared with those of watercourses in gardens: they start from one source and branch off into numerous channels, so as to carry a supply to every part of the garden'. After Aristotle, the study of the vascular system, and in particular its growth - a phenomenon generally referred to as angiogenesis - continued to attract interest from scientists. Yet, it took until 1971, when Judah Folkman proposed that interference with angiogenic factors might impede vessel growth and starve tumours \[[@b1]\], before interest from the scientific community became fully primed. This led to a tremendous effort on the part of academic and industry researchers to define the molecular mechanisms driving angiogenesis.

Today, angiogenesis is considered to be a complex and dynamic biological process \[[@b2]\]. A large body of evidence shows that angiogenesis is essential during embryonic development, but becomes notably quiescent in adulthood \[[@b3], [@b4]\]. Remarkably, however, endothelial cells retain their ability of dividing rapidly in response to physiological stimuli, such as for instance during normal female reproductive function. Angiogenesis is also rapidly reactivated during wound healing to promote tissue repair. In many disorders, the balance between angiogenic stimulators or inhibitors is tilted over, resulting in an excessive or defective angiogenic stimulus. It is also well established that the resulting pro- or anti-angiogenic disease state contributes to several cancers and various ischaemic and inflammatory diseases, where it importantly determines disease progression \[[@b2], [@b5], [@b6]\].

Angiogenesis is genetically pre-determined
==========================================

As with most biological processes, angiogenesis varies considerably between individuals. Tantalizing examples of how genetic variability contributes to phenotypic variability exist, raising the question whether such genetic variability may also determine the degree of angiogenesis and contribute to disease.

Quantitative genetic analysis of circulating angiogenic factors, including epidermal growth factor (EGF) and angiogenin, has shown that variation in the expression of these molecules can be attributed to genetic effects \[[@b7]\]. For the vascular endothelial growth factor (VEGF), heritability estimates were even responsible for 80% of the genetic variability, whereas environmental factors determined only 20% (ref. \[[@b7]\]). Similar effects were seen in nuclear families, where significant correlations between VEGF plasma levels were observed in all pairs of relatives, except in spouses \[[@b8]\]. This clearly indicates that genetic factors influence the inter-individual variability in angiogenic responsiveness. Understanding the genetic basis of such phenotypic variation is currently one of the major goals and challenges of human genetic studies. Surprisingly, however, relatively few studies designed to dissect the genetic basis of angiogenesis (i.e.the 'angio-genome') have been performed so far.

In a seminal study, Rohan *et al*. analysed different inbred strains of mice for their relative ability to trigger a Vegf-mediated angiogenic response in the corneal neovascular micropocket assay. Variations of up to 10-fold were observed in some strains, such as C57BL/6J being relatively deficient, and others, such as 129/SvImJ showing strong angiogenic responsiveness \[[@b9]\]. The response to Vegf was subsequently mapped to regions on chromosomes 2 and 10, which contained candidate angiogenesis-related genes including those for *endostatin, matrix metalloproteinase 11, integrin-ß2* (ref. \[[@b10]\]). Because genetic susceptibility may vary according to the angiogenic stimulator, a similar mapping approach to identify loci that influence basic fibroblast growth factor (Fgf-2)-induced neovascularization was undertaken \[[@b11]\]. Four chromosomal areas were identified, which remarkably differed from the previously identified Vegf loci. The genes responsible for modulating the angiogenic response in these chromosomal regions have, unfortunately, not been identified yet. This may be due to the fact that various types of genetic variability can mediate gene expression. Indeed, a myriad of genetic and molecular modifications, such as genetic mutations or single nucleotide variations (SNPs) \[[@b12]\], translocations, copy number variations (CNVs) \[[@b13]\], epigenetic changes (DNA methylation and histone modifications) \[[@b14]\] and non-coding RNAs (microRNAs) \[[@b15]\] are found to importantly regulate gene expression ([Fig. 1](#fig01){ref-type="fig"}). Each of these modifications has been shown to induce a variety of complex human traits and diversity among diseases, and consequently, may also determine the angiogenic response.

![Different types of genetic variability affecting angiogenesis. Left panel:Reduced or enhanced binding of transcription factors to the gene promo-tor can, respectively, decrease or increase gene transcription. DNA promotor methylation, histone and chromatine folding modifications, SNPs and CNVs are all capable of promoting or reducing the interaction between the transcription factor and its promotor. Translocations can change the chromosal environment of a gene leading to increased or decreased mRNA levels. MiRNAs reduce gene expression by translational repression or by inducing the degradation of the targeted mRNA. SNPs or mutations can induce differences in mRNA folding, thereby altering translation efficacy of the mRNA. Right panel:Mutations and non-synonymous SNPs (mostly located in exonic sequences) can cause a mutated or truncated protein with altered biological activities. Some mutations also cause complete deficiency of the gene product. Green boxes denote increased, whereas red boxes denote reduced gene expression. CNV, copy number variation; miRNAs, microRNAs; SNPs, single nucleotide polymorphisms; UTR, untranslated region; TF, transcription factor.](jcmm0012-2533-f1){#fig01}

We will now briefly describe the precise nature of these different types of genetic variability and systematically review how they may shape the 'angio-genome', affecting angiogenesis in both health and disease.

Mutations causing vascular anomalies
====================================

Vascular anomalies can be categorized into vascular malformations and tumours of endothelial cells (or haemangiomas), and often grow commensurately with the child affecting only selected areas of the body. Sometimes, vascular anomalies may also expand suddenly following trauma, sepsis or hormonal changes \[[@b16]\]. Little is known about their genetic basis. In the majority of the cases, vascular anomalies occur sporadically, but the extent to which these sporadic forms are actually caused by a complex interaction between environmental factors and susceptibility genes is still unclear. In some cases, a clear Mendelian inheritance pattern is observed, facilitating genetic mapping studies and the identification of molecules implicated in vasculogenesis and angiogenesis, as discussed below \[[@b17], [@b18]\].

Venous anomalies
----------------

Venous anomalies present as bluish lesions on skin and mucosa and are referred to as cutaneomucosal venous malformations or VMCMs. They are caused by mutations in the endothelial cell-specific receptor *TIE2*, which acts as a receptor for the angiopoietins, ANG1 and ANG2. Originally, TIE2 was described as the second member of an orphan receptor tyrosine kinase subfamily expressed predominantly in the embryonic endothelium \[[@b19], [@b20]\]. Consistent with its expression pattern, disruption of Tie2 function in mice resulted in early embryonic lethality due to vascular abnormalities \[[@b21]\]. Ultrastructurally, vessels of *Tie2*-deficient embryos showed a decreased number of endothelial cells and a reduced contact between endothelial and underlying perivascular cells (pericytes and smooth muscle cells), suggesting a role in the maturation and stabilization of the embryonic vasculature for this receptor.

Haemangiomas
------------

Infantile haemangioma, the most prevalent of all vascular tumours, mostly occurs sporadically after birth and has a characteristic clinical course marked by early proliferation, followed by spontaneous clinical resolution by the age of 9 years. Most haemangiomas are medically insignificant, but may occasionally impinge on vital structures and cause ulcerations, bleeding, cardiac failure or significant structural abnormalities. Rare familial occurrence exists, and in these cases, linkage has been established to chromosome 5q, with three potential candidate genes involved in angiogenesis mapped within this region, *i.e.* fibroblast growth factor receptor-4 (*FGFR-4*), platelet-derived growth factor receptor-ß (*PDGFR-ß*), and VEGF receptor-3 (*VEGFR-3*) \[[@b22]\]. No autosomal mutations in the first two genes have been described yet. A number of somatic mutations in VEGF receptor-2 and -3 (*VEGFR-2or VEGFR-3*), have, however, been found in sporadic haemangioma specimens: one missense mutation in the kinase domain of the *VEGFR-2* and a second missense mutation in the kinase insert of *VEGFR-3*\[[@b23]\]. In each case, the mutation was detected in tumour tissue but not in adjacent normal tissue, indicating that one potential mechanism involved in haemangioma formation is the alteration of the VEGF signalling pathway in endothelial and/or pericyte cells. Mouse genetic studies indeed revealed that embryos lacking *Vegfr- 2* die around 10 days of gestation due to the complete absence of organized blood vessels \[[@b24]\]. Loss of *Vegfr- 3* also impaired remodelling of the expanding embryonic vasculature \[[@b25]\], thereby confirming the involvement of Vegfr-2 and -3 in the development of the vascular system. Although these knockout studies clearly highlight the importance of Vegfr-2 and -3 during angiogenesis, conditional knockout studies of these receptors are required to study haemangioma formation in mouse models.

Another intriguing concept is that tissues derived from the same neural crest or mesodermal migrating cells, which therefore share the same metameric origin, are all similarly affected in certain anomalies \[[@b26]\]. This suggests that some developmental processes have gone awry in patients with such metameric lesions, and that possibly, a somatic mutation, occurring in the region of the neural crest or the adjacent cephalic mesoderm, triggers the venous or arterial metameric defects. Examples of such metameric diseases are the PHACES (Posterior fossa malformations, Haemangioma, Arterial anomalies, Cardiac defects, Eye abnormalities and Sternal defects) and Sturge-Weber syndrome or some of the large facial haemangiomas \[[@b27]\]. Although each of these diseases may be rare, their relationships among each other and their postulated link with the development of the neural crest may shed light on the complex aetiology of various cerebral vascular disorders. The observation that some large facial haemangiomas are metameric is further also intriguing, because the angioblasts that form blood vessels are not unique for segment-specific boundaries, but contribute to blood vessel formation throughout the face \[[@b28], [@b29]\]. The proliferation of endothelial cells and the growth of these haemangiomas thus occur in response to signals derived from cell types exhibiting segmental or regional identity, such as cranial neural crest cells. Indeed, a direct relationship between endothelial cells and neural crest cells exists, as pericytes, which provide connective tissue support to the blood vessels, are derived from cranial neural crest cells \[[@b30]\], and interactions between pericytes and endothelial cells influence maintenance, maturation and remodelling of blood vessels \[[@b31]\].

The transforming growth factor-ß in vascular anomalies
------------------------------------------------------

Similarly, genetic discoveries of vascular malformations have helped to establish a firm association with transforming growth factor-ß (or TGFß) signalling defects. Indeed, mutations in various genes involved in the TGFß signalling pathway, including *SMAD4*\[[@b32]\], *endoglin*\[[@b33]\] and *ALK1*\[[@b34]\], have been identified in hereditary haemorrhagic telangiectasia or HHT. This disease is characterized by arteriovenous malformations, which are direct connections between arterioles and venules without intervening capillaries. Clinically, the most common symptoms of HHT are recurrent nosebleeds and mucutaneous telangiectasias, but the most severe and life-threatening defects are found in the lungs, brain, liver and gastrointestinal tract, where they cause hypoxemia, stroke, brain abscess, heart failure and/or fatal haemorrhage \[[@b35]\].

Despite the identification of genes responsible for HHT, its underlying pathogenetic mechanisms remain obscure. A plausible reason is the complexity of the TGFß transduction pathway. Traditionally, TGFß signalling in endothelial cells has been considered to occur *via* the TGFß type II receptors (such as the TGFßR-2) and the type I receptors, ALK1 and ALK5, which act downstream of the TGFßR-2 and determine signalling specificity of the receptor complex \[[@b36]\]. An accessory type III coreceptor called endoglin is also expressed by endothelial cells, and appears to potentiate TGFß signalling. Activation of the ALKs then leads to phosphorylation of the Sma- and Mad-related proteins (SMADs), which regulate specific gene expression responses \[[@b37]\]. In endothelial cells, contradictory results have been obtained about signalling of ALK1.

One study showed, for instance, that ALK1 signalling inhibited the proliferation and migration of endothelial cells \[[@b38]\], whereas another study reported the opposite \[[@b39]\]. The role of endoglin in TGFß and ALK1 signalling is another conflicting issue. First, it was demonstrated that endoglin promotes TGFß/ALK1 signalling and endothelial cell proliferation \[[@b40]\], but subsequently it was reported that loss of endoglin function exerted the same effect \[[@b41]\]. According to some studies in endothelial cells, ALK5 also seems to be required for TGFß signalling viaALK1. Others reported, however, that ALK1 is predominantly detected in the endothelium and ALK5 in vascular smooth muscle layers, suggesting that ALK1 is the sole TGFß type I receptor in endothelial cells \[[@b36]\]. Mice, in which the Alk1, Alk5or Tgfßr-2gene were conditionally deleted in the vascular endothelium further revealed that Alk1 deletion mimicked pathological features of HHT, whereas *Alk5 or Tgfßr- 2* deletion did not affect endothelial cells. This suggests that TGFßR-2 and ALK5 are perhaps not even required for ALK1 signalling in endothelial cells \[[@b36]\]. Taken together, these data paint still an unclear picture on the role of TGFß signalling in endothelial cells.

Another vascular anomaly is the arterial tortuosity syndrome (ATS), an autosomal recessive condition characterized by tortuous large and medium-sized arteries, often resulting in death at young age. Other typical features include aneurysms of large arteries and stenosis of the pulmonary artery, in association with facial features and connective tissue manifestations. Recently, the causal ATS genetic defect has been identified in the *SLC2A10* gene, which encodes the facilitative glucose transporter GLUT10 (ref. \[[@b42]\]). It has been proposed that loss-of-function of GLUT10 results in diminished glucose-responsive transcription of decorin, a known inhibitor of the TGFß signalling pathway, and leads to up-regulation of the TGFß responsive elements, connective tissue growth factor, and versican, thereby also inhibiting proper extracellular matrix formation \[[@b43]\].

Cerebral cavernous malformations
--------------------------------

Cerebral cavernous (or capillary-venous) malformations (CCMs) consist of dilated capillary-like vessels and large saccular vessels with thickened walls in the brain parenchyme, in which endothelial cells lack tight junctions \[[@b44]\]. The disease follows an autosomal dominant inheritance pattern to which four loci have been mapped: CCM1 with mutations in *KRIT1* (KREV1 interaction trapped-1) \[[@b45]\]; CCM2 with mutations in *malcaverin*\[[@b46]\]; CCM3 with mutations in *PDCD10*\[[@b47]\] and CCM4, which has been mapped to chromosome 3q26.3--27.2. The function of the CCM disease-causing genes is starting to become unravelled, as mice lacking *Krit1* have been reported to die in mid-gestation. The first detectable defects in these mice were exclusively vascular in nature, with dilated precursor vessels of the brain, reminiscent of the intracranial vascular defects observed in the human disease \[[@b46], [@b48]\]. These defects in mice were associated with early down-regulation of artery-specific markers, including Ephrin B2, Notch4 and Dll4 \[[@b49]\].

Mutations in a number of other genes, such as glomulin, *RASA1*, *NOTCH3*, etc. have been identified to cause other vascular anomalies, respectively, glomuvenous malformations, capillary malformations, cerebral autosomal dominant arteriopathy with subcortical infarcts and leucoencephalopathy or CADASIL \[[@b50]\]. For a complete overview of the genes contributing to these vascular anomalies, we refer to a more specialized review (ref. \[[@b50]\]). Mutations in von Hippel-Lindau (VHL) disease, which cause highly vascularized tumours in multiple organs as well as haemangiomas of the retina and central nervous system (CNS), will be discussed below.

On a more general level, we can conclude that the study of inheritable vascular anomalies generates important knowledge on factors important for vasculo- and angiogenesis.

Translocations reveal novel angiogenic genes
============================================

The sporadic nature of many vascular anomalies has hampered the identification of the underlying genetic defects. In some cases, however, vascular malformations can be caused by chromosomal anomalies, involving a translocation or deletion of entire genomic regions. Although such chromosomal anomalies are relatively sparse, they are particularly useful in identifying disease-causing genes, as it is generally assumed that haploinsufficiency of one or more genes at the translocation breakpoint plays a pivotal role in causing the vascular defect.

Haemangioendothelioma, for instance, is a relatively rare vascular tumour that is considered to be a low- to intermediate-grade malignant neoplasm. Cytogenetic reports of haemangioendothelioma are rare, but recently, a case was identified with an epitheloid haemangioendothelioma and a reciprocal translocation between the chromosomal regions 10p13 and 14q24. As the expression of genes located in these chromosomal regions may change due to this translocation, the expression of genes was further investigated. Intriguingly, the expression of placental growth factor (PlGF) was strongly up-regulated in the tumour tissue, suggesting that increased PlGF levels could be responsible for the haemangioendothelioma, at least in this patient \[[@b51]\].

Another vascular disorder possibly caused by chromosomal translocation is the Klippel-Trenaunay syndrome (KTS), which consists of capillary malformations, venous malformations or varicose veins with bony and soft tissue hypertrophy \[[@b52]\]. Chromosomal breakpoints in a small subset of KTS patients have identified *AGGF1*(previously known as *VG5Q*) on chromosome 5q13 as a potential culprit gene causing KTS \[[@b53]\]. Subsequently, mutations in *AGGF1* have also been identified in KTS patients. Intriguingly, the mutant AGGF1 protein increased angiogenesis in the chick chorioallantoic membrane (CAM) and matrigel assays, consistent with histological studies showing an increase in the number and diameter of venules in the dermis of KTS-affected tissues \[[@b53]\]. The reported nucleotide change in patients without a chromosomal translocation was later shown to be a common polymorphism in other populations, casting some doubt about the association of this mutation with the sporadic disease phenotype \[[@b54], [@b55]\].

Single nucleotide polymorphisms shape the angio-genome
======================================================

Single nucleotide polymorphisms or SNPs are the most common type of genetic variation among people. Each SNP represents a difference in a nucleotide, occurring normally throughout a person\'s DNA. On average, there is one SNP every 300 nucleotides, which means that there are roughly 10 million SNPs in the human genome. SNPs are well known to influence gene expression and to determine phenotypic variability, either through direct causal effects or by serving as proxies for other causal variants in linkage disequilibrium \[[@b56]\].

Traditionally, VEGF has been considered as the most important and most-specific growth factor for endothelial cells. The milestone achievement, showing that a monoclonal anti-VEGF antibody (bevacizumab or Avastin®, Genentech, South San Francisco, CA, USA) in combination with chemotherapy improved the survival of metastatic colorectal cancer patients, further stimulated the search for genetic variability in VEGF expression and its downstream angiogenic effectors \[[@b57]\]. By now, numerous associations with SNPs located in the *VEGF* gene have been reported, particularly in the field of oncology. *VEGF* is a highly polymorphic gene, in which \>100 polymorphisms have been described so far (dbSNP or <http://www.ncbi.nlm.nih.govprojectsSNP>). Baseline VEGF expression levels in plasma are highly variable, and typically range between 9 and 150 pg of VEGF per ml \[[@b58]\]. Most genetic studies performed so far focused on four SNPs, *i.e.* the −2578C/A (rs699947), −1154G/A (rs1570360), −634C/G (rs2010963) and +936C\>T (rs3025039), which were shown to affect the expression of VEGF, either *in vitro* or *in vivo* ([Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig02){ref-type="fig"}). A number of SNPs in other angiogenic factors have been studied as well - their effects will be discussed below.

###### 

Overview of functional SNPs in VEGF pathway genes

  Gene        Gene region   SNP position   SNP ID       Risk allele   Risk allele frequency
  ----------- ------------- -------------- ------------ ------------- -----------------------
  *VEGF*      Promotor      −2578C/A       rs699947     A             0.41
  5′UTR       −1154G/A      rs150360       A            0.34          
  5′UTR       −634C/G       rs2010963      C            0.20          
  3′UTR       +936C/T       rs3025039      T            0.35          
  *VEGFR-2*   Promotor      −604C/T        rs2071559    C             0.52
  Exon 7      +1192A/G      rs2305948      A            0.07          
  Exon 11     +1719A/T      rs1870377      A            0.28          
  *VEGFR-1*   Promotor      +519C/T        N/A          T             0.06
  *HIF-1α*    Exon 12       +1772C/T       rs11549465   T             0.09
  Exon 12     +1790G/A      rs11549467     A            0.02          

The gene region, SNP position, SNP ID as well as the risk allele, frequency and functional effect of each gene are listed. N/A means not available.

![SNPs affecting expression of genes in the VEGF signalling pathway. Green boxes denote increased, whereas red boxes denote reduced expression of the respective protein levels or function. The A allele of the two coding VEGFR-2 SNPs, i.e. rs2305948 and rs1870377, induces a valine to isoleucine and histidine to glutamine substitution, respectively, at positions 297 and 472, thereby reducing the affinity for VEGF. In HIF-1α, the T allele of rs11549465 induces a proline to serine substitution at position 582, and the A allele in rs11549467 induces an alanine to threonine substitution at position 588, thereby increasing HIF-1α stability. PHD, prolyl hydroxylation domain protein; VHL, von Hippel-Lindau protein; HIF, hypoxia inducible factor; VEGF-A, vascular endothelial growth factor-A; VEGFR, VEGF receptor.](jcmm0012-2533-f2){#fig02}

SNPs in VEGF and their association with cancer
----------------------------------------------

Recent genome-wide studies in large populations of breast, colorectal, lung and prostate cancer have started to uncover the genetic basis for cancer. However, none of these studies identified a genetic variation in *VEGF* or a *VEGF* pathway-related gene. This suggests that angiogenic factors are no major initiators of cancer. Instead, VEGF might be more relevant in determining disease progression and metastasis once the tumour has developed.

Indeed, numerous associations of *VEGF* polymorphisms with clinical variables in cancer have been established. For instance, the −2578C/A polymorphism in the *VEGF* promoter, which is in full disequilibrium (LD) with an 18bp deletion/insertion located in a putative upstream estrogen response enhancer, alters *VEGF* promoter activity and responsiveness. Shahbazi *et al*. were the first to show that mononuclear cells from −2578CC carriers produce significantly higher VEGF levels \[[@b59]\]. This was subsequently confirmed by Lambrechts *et al.*, who found that −2578AA carriers were associated with reduced VEGF in plasma and serum \[[@b60]\]. In line with these findings, −2578CC carriers were associated with increased lymph node metastasis and decreased survival in renal cancer \[[@b61]\], and with an increased risk for invasive breast cancer \[[@b62]\]. Studies in colorectal cancer failed, however, to observe an effect on survival \[[@b63]\]. Similar studies showed that carriers of the −1154AA genotype have lower circulating VEGF, whereas mononuclear cells from −1154GG individuals produce more VEGF \[[@b59]\]. The −1154AA genotype was associated with a lower stage of cutaneous malignant melanoma \[[@b64]\], reduced tumour size in renal cell carcinoma \[[@b61]\], whereas the −1154GG genotypes were associated with an increased risk for invasive but not *in situ* cancer \[[@b62]\]. No effects were seen in ovarian cancer \[[@b65]\]. In the 5′-untranslated region (UTR) of the *VEGF* gene, the −634CC homozygotes correlated with higher circulating VEGF \[[@b66]\]. *In vitro*, the −634C allele also disrupted the 5′UTR RNA structure and increased the expression of a long VEGF isoform (L-VEGF) \[[@b60]\]. In breast cancer, −634CC carriers exhibited larger tumours and increased histologic grading \[[@b67]\] and in prostate cancer −634CC carriers had a higher-grade carcinoma \[[@b68]\]. Other studies reported, however, that the −634C allele was associated with lower VEGF and prolonged survival in colorectal \[[@b63]\] and non-small-cell lung cancer \[[@b69]\]. No effects were seen on breast \[[@b62]\], renal cell \[[@b61]\] and ovarian carcinoma \[[@b65]\]. Another SNP that reduces VEGF expression is the +936C/T SNP, located in the 3′UTR of the *VEGF* gene \[[@b70], [@b71]\]. Several associations have been reported for this SNP, *e.g.*+936CC genotypes correlated with reduced survival in non-small-cell lung cancer patients \[[@b69]\], but have not been replicated in other studies on other types of cancer.

The reasons why several of these studies have failed to establish clinically relevant correlations are not entirely clear. Possibly current studies are still under-powered. Much larger populations are therefore needed to reliably determine the effect of *VEGFSNPs* on disease outcome. Genetic consortia, which integrate sample collections from several centres, may represent a feasible approach to assess rapidly the effects of these *VEGFSNPs* on tumour progression, as recently demonstrated by the analysis of \>10,000 breast cancer DNA samples, assessing the association of breast cancer susceptibility genes with clinical variables \[[@b72], [@b73]\].

SNPs in VEGF pathway genes associated with other diseases
---------------------------------------------------------

Many other SNPs in the *VEGF* gene or in other genes involved in the VEGF pathway have been studied in various other diseases, and numerous SNPs contributing significantly to disease risk have been reported. Most of these genetic studies suffer, however, from a number of shortcomings, as they have typically been hampered by small sample sizes (up to 100 or 200 patients). Given the modest effect sizes of genetic associations in general, and the typically small sample sizes employed for these studies, it is not surprising that many of these genetic reports in relatively small populations, originally claiming a positive association, have subsequently been challenged by reports lacking any association or even contradicting it. The same applies for studies focusing on the main inducer of VEGF expression, the hypoxia-inducible factor-1α or HIF-1α, and the VEGF receptors, VEGFR-1 and VEGFR-2. In order to provide a comprehensive overview, we have here tabulated all significant associations reported for the *VEGF* gene in [Table S1](#SD1){ref-type="supplementary-material"}. Below, we discuss, however, a selection of only the most relevant and solid associations reported for these genes.

Genetic variability in VEGFR-2
------------------------------

Atherosclerotic plaque instability is directly involved in triggering acute coronary syndromes in patients with coronary artery disease (CAD). Considerable damage of the vascular endothelium has been reported and genetic variability in molecules maintaining endothelial integrity has also been proposed to underlie CAD. VEGF and its receptor VEGFR-2 have therefore been considered as potential disease genes for CAD. Studies in approximately 1000 CAD patients revealed that carriers of the −2578AA genotype were more common in patients with coronary vessel stenosis \[[@b74]\]. Genetic variability in the *VEGFR-2* gene has also been investigated, and a significant association with three polymorphisms was established in a first and then independently replicated in a second population (both analysing \>1000 individuals in total) \[[@b75]\]. Notably, the −604T/C SNP (rs2071559) in the binding site for the transcriptional factor E2F reduced transcriptional activity of the *VEGFR-2* promoter by 68% and was associated with reduced VEGFR-2 antigen levels in serum ([Fig. 2](#fig02){ref-type="fig"}). The mutant alleles of two exonic SNPs, located in exon 7 and 11 (1192G/A or rs2305948 and 1719A/T or rs1870377), also reduced binding efficacy of VEGF to VEGFR-2 by approximately 15%, suggesting that these variations in VEGFR-2 eventually may serve as novel markers determining the risk of CAD ([Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig02){ref-type="fig"}) \[[@b75]\].

Genetic variability in HIF-1α
-----------------------------

Hypoxia-inducible factor-1α or HIF-1α is a transcriptional factor mediating the cellular response to hypoxia and regulating the transcription of multiple genes, including VEGF. HIF-1α itself is hydrox-ylated - and thereby protected from degradation - in the presence of oxygen by a family of three prolyl hydroxylase domain (PHD) proteins. During normal oxygen tension, the HIF-1α is enzymatically hydroxylated at proline residues, which are recognized by the VHL protein and targeted for degradation. During hypoxic stress, HIF-1α is not hydroxylated and fails to interact with the VHL complex and escapes ubiquitin-mediated proteolysis.

HIF-1α is overexpressed in many human cancers such as kidney, breast, colon, ovary and prostate carcinoma \[[@b76]\]. Recently two SNPs in the *HIF-1α, i.e.* P582S (rs11549465) and A588T (rs11549467), resulting in proline to serine and alanine to threo-nine amino acid substitutions, respectively, were found within the oxygen-dependent degradation domain of HIF-1α ([Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig02){ref-type="fig"}) \[[@b77]\]. The presence of these variants, especially the P582S variant, was shown to cause a significantly higher transcriptional activity correlating with higher mutant HIF-1α protein expression and increased vessel density \[[@b77]\]. The P582S mutant genotype also correlates with accelerated tumour progression in head and neck squamous carcinoma \[[@b77]\] and with more severe ulcerative growth pattern in colorectal cancer \[[@b78]\] or survival in transitional cell cancer of the bladder \[[@b79]\].

Mutations in *EGLN1*, encoding the PHD2 enzyme, which lead to a marked decrease in enzyme activity and increased HIF-1α expression, have been described in patients with familial erythrocytosis. Remarkably, however, patients carrying *EGLN1* mutations did not exhibit any obvious angiogenic abnormalities \[[@b80]\].

SNPs in VEGFR-1 integrate angiogenesis within the P53 pathway
-------------------------------------------------------------

Somatic P53 missense mutations are found in approximately 50% of human cancers. An increasing number of studies indicate that a subset of these P53-mutant proteins are oncogenic and actively participate in neoplastic transformation \[[@b81]\]. It is further also assumed that the P53 pathway is inactivated in wild-type P53-carrying tumours via indirect mechanisms, for instance, via genetic variability in genes associated with the P53 pathway \[[@b81]\]. By performing a global genome analysis, Menendez et al. identified a C-to-T SNP in a putative P53 response element in the promoter of the VEGFR-1 gene \[[@b82]\]. This SNP was detected in approximately 6% of the people examined, and in-depth functional analyses showed that only one allele, i.e. the mutant T-allele, was P53-responsive ([Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig02){ref-type="fig"}) \[[@b82]\]. The inclusion of the VEGFR-1 gene and, therefore, the VEGF pathway into the P53 transcriptional network, adds complexity to the spectrum of biological outcomes associated with P53 mutations. Indeed, VEGFR-1 overexpression has been associated with pathological angiogenesis, tumour progression, cell survival, proliferation, migration, invasion and metastasis \[[@b83]\]. Although no clinical information about the functional consequences of this functional SNP in the VEGFR-1 promoter is available yet, the intriguing possibility arises that this SNP modulates the heterogeneous P53 response in cancer patients.

Variations in angiogenic genes are linked with neurodegeneration
----------------------------------------------------------------

In the midst of the excitement over the therapeutic effects of neutralizing VEGF in cancer, there emerged, a few years ago, an unexpected discovery - the existence of a novel link between VEGF and neurodegenerative disease. Transgenic mice with a targeted deletion of the hypoxia-responsive element in the Vegf promoter resulting in reduced Vegf expression, developed adult-onset, progressive motor neurodegeneration, with pathologic features consistent with amyotrophic lateral sclerosis (ALS) \[[@b84]\]. Vegf also exhibited a huge therapeutic potential in animal models for ALS. The connection between Vegf and ALS in rodents was also confirmed in human beings: the low VEGF-producing alleles of the -2578C/A, - 1154G/A and -634G/C variations increased the risk of ALS in some - but not all - populations \[[@b60]\]. In a meta-analy-sis involving \>7000 individuals from all populations studied, subgroup analyses by gender revealed that the -2578AA genotype, which lowers VEGF expression, consistently increased the risk of ALS in males \[[@b85]\]. Interestingly, the -2578A VEGF allele, which correlates with reduced VEGF expression levels in plasma and serum, also confers an increased risk for patients with Alzheimer disease in one study \[[@b86]\]. A similar association study assessing the role of SNPs in the VEGF gene as a determinant of longevity was also performed. The -2578AA genotype was detected significantly more often in long-lived (85--99 years old) subjects than in young/elderly (25--84 years old) subjects, suggesting that VEGF gene variability is a potential genetic factor influencing the lifespan in human beings \[[@b87]\].

The discovery of the link between VEGF and ALS has stimulated interest in evaluating the role of other angiogenic factors in ALS. Recently and most surprisingly, mutations in angiogenin (ANG) and progranulin (PGRN) genes were identified in patients with ALS and frontotemporal dementia, respectively. Greenway and colleagues focused their attention on ANG and identified seven different missense mutations in the ANG gene from ALS patients, six of which were in evolutionary conserved regions \[[@b88]\]. Initially, these ANG mutations were only detected in ALS patients who shared a common ancient haplotype from Scottish/Irish ancestry, but more recent findings revealed that a limited number of mutations is also present in ALS patients from other ancestries (e.g. from Hispanic \[[@b89]\] or Italian ancestry \[[@b89], [@b90]\]). Mutations in PGRN typically cause a form of frontotemporal dementia with ubiquitine-positive tau-negative inclusions \[[@b91]\], but more recent findings indicate that PGRN mutations can be associated with motor neuron degeneration and various clinical subtypes of dementia. PGRN is a pluripo-tent secreted growth factor that mediates cell cycle progression, stimulates neovascularization and is highly expressed in aggressive cancer cell lines. PGRN also plays a major role in breast tumourigenesis by conferring resistance to tamoxifen \[[@b92]\]. At least part of the angiogenic and tumour-proliferative effects of PGRN and ANG seem to be mediated through VEGF: ANG appears to be a downstream effector of VEGF in endothelial cells \[[@b93]\], whereas PGRN up-regulates expression of VEGF in breast cancer cells. Little is known, however, about the functions of PGRN and ANG in the CNS \[[@b94]\]. One of the outstanding questions yet to be answered is to what degree the angiogenic activity of these molecules might also trigger vascular defects in neurodegenerative disease, thereby contributing to disease development.

Angiogenic factors in genome-wide association studies
-----------------------------------------------------

The recent unbiased identification of SNPs on a genome-wide level has become a fruitful enterprise in identifying novel genes in complex diseases and numerous SNPs have been unambiguously identified to underlie disease susceptibility \[[@b12]\]. Intriguingly, a recent meta-analysis of genome-wide association (GWA) data in type 2 diabetes revealed increased susceptibility for carriers of an SNP located nearby the VEGF gene, i.e. rs9472138 (ref. \[[@b95]\]). The minor, at-risk T-allele of this SNP increased the risk for type 2 diabetes in 63,537 individuals by only 1.06-fold, which is however similar in size to the risk effects of other SNPs in diabetes ([Table 1](#tbl1){ref-type="table"}). Because the rs9472138 SNP is located ±500 kb upstream of the VEGF gene, it will be interesting to find out if - and how - this SNP affects VEGF expression. Because genome-wide studies often focus on tagging SNPs, it is also possible that the effects of the actual common causal variants responsible for the observed association might be larger.

Other GWA studies in breast cancer also identified SNPs in five loci, including one SNP in the fibroblast growth receptor 2 (FGFR-2) gene \[[@b96], [@b97]\]. The variable allele of the SNP in FGFR-2 was more strongly related to estrogen receptor-positive than oestrogen receptor-negative cancer, and to a low rather than high tumour grade, but did not significantly influence survival \[[@b72]\]. Functional studies also revealed that the at-risk SNPs allele specifically increased FGFR-2 expression \[[@b98]\]. Historically, the FGF-1 and -2 ligands of FGFR-2 were the first angiogenic factors to be identified \[[@b99]\]. However, FGFs are also potent mitogens and morphogens and therefore also play a direct role in cancer cell proliferation. It is thus unclear whether the effect of this FGFR-2 SNP affects tumour cells, vessels or both, and additional studies are required to answer this question.

Copy number variability affects angiogenesis
============================================

It has traditionally been considered that two copies of a gene are present per genome. This has been refuted by recent discoveries revealing that large segments of DNA can vary in their copy number, implicating that entire genes can be present in more - or less - than two copies. It has also become apparent that these CNVs are quite common and can have dramatic phenotypic consequences as a result of altered gene dosage, disrupted coding sequences, or perturbed long-range gene regulation \[[@b13]\]. Research studying the effects of CNVs on gene expression is, however, a relatively young research field, and very little is known about the effect of CNVs in angiogenic processes. Yet, it is expected that CNVs might determine angiogenesis, because, for instance, a significant overlap exists between the QTL loci for angiogenesis and known CNVs in mice (e.g. on chromosome 4, 13 and 15) \[[@b11]\].

To determine whether genomic DNA copy number variations contribute to global gene expression pattern changes in hepato-cellular carcinoma (HCC), array-based comparative genomic hybridization (CGH) data studying CNVs were compared to microarray expression data \[[@b100]\]. Approximately 542 genes were shown to have a significant correlation between expression values and CNVs. Among these genes was Sprouty2, a key antagonistic regulator of receptor tyrosine kinases, whose suppression of expression or function facilitates tumour proliferation and angiogenesis \[[@b101]\]. When stably expressed in mouse hepatocytes, an inhibitor of Sprouty2 also conferred a neoplas-tic phenotype in mice, by inducing high expression levels of phospho-extracellular signal-regulated kinase (ERK) and triggering deregulation of genes involved in cell proliferation, apop-tosis and angiogenesis \[[@b100]\]. Notably, a change in the expression of endothelial cell markers, such as CD34 and angiopoi-etin-2, was also noticed as an indicator of an altered endothelial phenotype in the cancerous liver tissues. Similar studies focusing on a large number of hepatocellular and primary lung ade-nocarcinomas revealed a number of chromosomal amplifications involving chromosomal region 6p21. Remarkably, the VEGF gene was located in the amplified regions and VEGF expression levels were also dramatically up-regulated. Overexpression of VEGF via 6p21 thus illustrates the potential role of CNVs as a modulator of angiogenesis \[[@b102], [@b103]\].

Epigenetic regulation of angiogenesis
=====================================

In multicellular organisms, the identity of each cell is determined by its unique gene-expression pattern. This identity is remembered and passed on to daughter cells by epigenetic mechanisms, which are heritable changes that do not involve changes in the DNA sequence \[[@b14]\]. Several epigenetic defects are known to contribute to disease, such as for instance changes in the localized or global density of DNA methylation.

In mammals, DNA methylation is confined to the addition of a methyl group to the cytosine in a CpG dinucleotide. This covalent modification is known to have an essential role in genome function and has been implicated in processes such as gene regulation, chromosomal stability and parental imprinting \[[@b104]\]. Aberrant DNA methylation commonly occurs in human cancers in the form of regional hypermethylation and genome-wide hypomethylation: hypermethylation of CpG islands located in the promoter regions of tumour suppressor genes results in tran-scriptional silencing, whereas global DNA hypomethylation (also known as demethylation) is associated with activation of proto-oncogenes and generation of genomic instability \[[@b105], [@b106]\].

Methylation of anti-angiogenic factors
--------------------------------------

Various examples of aberrant methylation in angiogenic genes exist. Hypermethylation of the thrombospondin 1(THBS-1) gene, an angiogenesis inhibitor with tumour suppressor properties, was first found in glioblastoma multiforme \[[@b107]\], and has now been confirmed in various other cancers, including gastric carcinoma \[[@b108]\], penile squamous cell carcinoma \[[@b109]\] and neuroblastomas \[[@b110]\]. In addition, THBS-1 hypermethylation was found to be significantly associated with distal location, vascular invasion, distant metastasis and worse prognosis in gastric cancer \[[@b111]\]. In primary colorectal cancers, loss of THBS-1 expression also correlated with impaired TGFß signalling, as indicated by decreased SMAD2 phosphorylation and nuclear localization \[[@b112]\]. Furthermore, methylation-induced silencing of THBS-1 expression reduced the concentration of secreted TGFß, thereby attenuating TGFß signalling \[[@b112]\]. Aberrant methylation of THBS-1thus represents an epigenetic mechanism for suppressing TGFß signalling in cancer. Extensive hypermethylation of a large CpG island in Sprouty4 has been observed in high-grade prostate cancer, whereas benign prostate hyperplasia tissues were predominantly unmethylated \[[@b113]\]. Furthermore, suppression of Sprouty4 expression correlated with the methylation status of this CpG region in clinical samples \[[@b113]\]. Hypermethylation of ADAMTS-8, a secreted protease with antiangiogenic properties, and concomitant down-regulation of ADAMTS-8 expression in brain tumours \[[@b114]\], and of tissue inhibitor of metalloproteinase-2 and -3 (TIMP-2 and -3) in various tumours \[[@b106]\], have also been observed. Hypermethylation of anti-angiogenic factors in cancer is thus a commonly used mechanism by the tumour to promote a pro-angiogenic state.

Intriguingly, the opposite situation, whereby the expression of pro-angiogenic genes is stimulated by epigenetic mechanisms, has also been observed. Indeed, overexpression of the lymph-angiogenic molecule, VEGF-C, due to demethylation was reported in gastric cancer cell lines \[[@b115]\]. Notably, overexpression of VEGF-C is well known to correlate with lymphatic vessel density and lymph node metastasis \[[@b116], [@b117]\]. Studies with the rodent carcinogen, phenobarbital, have also shown that methylation patterns are altered to a greater extent in liver tumour-susceptible as compared to resistant mice. Uniquely, some of the hypo-methylated genes in the susceptible mice are involved in angiogenic processes: e.g. chymase 1, tyrosine kinase non-receptor 2 and ephrin B2\[[@b118]\].

Methylation as a second hit event in cancer
-------------------------------------------

Mutations in cancer typically consist of a localized intragenic mutation (e.g.point mutation, microdeletion, etc.) followed by a second hit event, frequently being a large deletion or mitotic recombination, and resulting in loss of heterozygosity of the tumour suppressor gene. An equivalent cause of second hit has been recognized by the phenomenon of hypermethylation of tumour-suppressor genes \[[@b105]\].

A well-established example of how aberrant methylation serves as a second hit event in cancer and affects angiogenesis is provided by VHL disease. VHL disease is an autosomal dominantly inherited familial cancer syndrome predisposing to a variety of benign and malignant neoplasms. The most common of these are retinal and CNS haemangiomas, renal cell carcinoma (RCC), pheochromocytoma and pancreatic tumours \[[@b119]\]. Patients with VHL disease are typically characterized by the presence of somatic germ-line deletions, frameshifts, and nonsense mutations in the VHL gene \[[@b120]\]. The VHL gene functions in several pathways linked with carcinogenesis, most notably the hypoxia-inducible pathway. Similarly, when there is loss of VHL function, HIF-1α accumulates within cells, allowing for the constitutive activation of target genes, including VEGF, platelet-derived growth factor (PDGF) B chain, transforming growth factor-α (TGFα) resulting in increased angiogenesis, cell growth and survival \[[@b121]\]. Analysis of VHL haemangioblastomas has revealed that somatic mutations in the VHL gene or hypermethylation of tumour-suppressor genes leading to inactivation of both VHL alleles are two equivalent mechanisms in the development of VHL-associated haeman-giomas \[[@b122], [@b123]\]. A recent study investigating the methylation patterns of 96 patients with renal cell carcinoma revealed that loss of heterozygosity of the VHL gene was present in 78.4% of the patients. A second hit mutation in VHL was seen in 71% of those, whereas promoter methylation of the VHL gene was present in 20.4% of the patients \[[@b124]\].

Histone modifications determine angiogenesis
--------------------------------------------

Eukaryotic DNA is wrapped around histone octamers and forms nucleosomes that are themselves folded into higher-ordered chro-matin structures. Histones have N-terminal tails extending from the compact nucleosomal cores that affect histone interaction and gene regulation. Histone acetyltransferases (HATs) acetylate, and histone/protein deacetylases (HDACs) deacetylate, ε-acetyllysine residues of these histone tails. HAT acetylation generally increases accessibility and promotes gene transcription, whereas HDAC deacetylation typically dampens histone-DNA and histone-nonhi-stone protein interactions \[[@b104]\].

Recent findings have revealed an unexpected role for HDACs in the maintenance of vascular integrity during cardiovascular development and disease. Mice lacking the deacetylase Hdac7 die during mid-gestation from vascular dilatation and rupture caused by loss of adhesion between endothelial cells \[[@b125]\]. Consistent with this phenotype, Hdac7 is expressed specifically in the developing vascular endothelium, where it functions as a repressor of matrix metalloproteinase 10 (MMP-10), a secreted endoproteinase that degrades the extracellular matrix and perturbs vascular integrity. In Hdac7 mutant embryos, Mmp10 expression is dramatically up-regulated in the vascular endothelium, and its antagonist, tissue inhibitor of metalloproteinase 1 (Timp-1), is down-regulated \[[@b125]\]. An independent study by Mottet et al. found that HDAC7 silencing also leads to an increase in PDGF-B expression, as well as inhibition of endothelial cell migration \[[@b126]\]. Another member of the HDAC gene family, SIRT1, plays a key role in angiogenic signalling: SIRT1 is highly expressed in the vasculature during blood vessel growth, where it controls the angiogenic activity of endothelial cells \[[@b127]\]. Loss of SIRT1 function blocks sprouting angiogenesis and branching morphogenesis of endothelial cells with consequent down-regulation of genes involved in blood vessel development and vascular remodelling \[[@b127]\]. Disruption of Sirt1 gene expression in zebrafish and mice results in defective blood vessel formation and blunts ischaemia-induced neovascu-larization. These effects are mediated, at least in part, by deacetylation of the forkhead transcription factor Foxo1, an essential negative regulator of blood vessel development \[[@b127]\].

It has further been established that hypoxia enhances HDAC activity and that HDACs are closely involved in tumour angiogenesis through suppression of hypoxia-responsive tumour suppressor genes. Indeed, Kim et al. have shown that HDAC is induced under hypoxic conditions and that overexpression of HDAC1 down-regulated expression of P53 and von Hippel-Lindau tumour suppressor genes, and stimulated angiogenesis of human endothelial cells \[[@b128]\]. A specific HDAC inhibitor, tri-chostatin A (TSA), also up-regulated the expression of P53 and von Hippel-Lindau and down-regulated HIF-1α and VEGF \[[@b128]\]. TSA also specifically inhibited hypoxia-induced angiogenesis in the Lewis lung carcinoma model in mice, thereby suggesting that HDAC inhibitors have a potential therapeutic value for cancer therapy \[[@b128]\]. A pertinent problem with the interpretation of these *in vivo* effects of HDAC inhibitors in cancer, and in particular with their effect on HIF-1α and VEGF suppression, is that these effects might occur indirectly - via the tumour cells. Indeed, the reactivation of epigenetically silenced tumour suppressor genes, such as VHL, in the tumour cells could reduce HIF-1α and VEGF in tumour cells, and therefore also tumour angiogenesis indirectly \[[@b129]\].

To study the mechanisms behind the epigenetic regulation of tumour angiogenesis more specifically, Hellebrekers et al. performed a microarray analysis to identify genes down-regulated in tumour-conditioned versus quiescent endothelial cells. Various genes were identified to be significantly down-regulated in tumour-conditioned endothelial cells and by inhibiting HDAC activity, the expression of these genes was restored \[[@b129]\]. A number of these genes, including clusterin, fibrillin and quiescin Q6 was also down-regulated in human tumour endothelium and functional analysis using RNA interference confirmed that these were negative regulators of endothelial cell growth in a collagen gel assay \[[@b129]\]. This proves that HDAC inhibitors also directly affect endothelial cell biology and angiogenesis. Additional studies have also reported that HDAC inhibitors influence the expression of the angiogenesis-related genes angiopoietin-2, TIE-2, survivin and eNOS \[[@b130], [@b131]\], and attenuated VEGF-induced phosphorylation of AKT and ERK1/2 in endothelial cells \[[@b132]\]. Angiopoietin-2, survivin and CXCR4 up-regulation by VEGF in endothelial cells was also inhibited \[[@b132]\]. However, decreased expression of these genes is not due to direct effects of these compounds on epigenetic promoter modifications, because direct effects of HDAC inhibition would result in increased promoter histone acetylation and thus transcriptional activation. Further studies are thus required to unravel the effects of HDAC inhibitors on (tumour) endothelial cell gene expression, and to relate these effects with epigenetic promoter modifications.

Micromanagers of angiogenesis
=============================

Over the past few years, microRNAs (miRNAs) have emerged as a prominent class of gene regulators and have been implicated in diverse biological processes \[[@b133]\]. MicroRNAs are short, single-stranded RNAs transcribed from non-coding genes and are generated in a two-step processing pathway mediated by two enzymes belonging to the class of RNAse III endonucleases, Dicer and Drosha. After being processed into approximately 22 base sequences, miRNAs bind to identical or similar target sequences in the 3\'-UTRs of genes, thereby inhibiting translation or cleaving the mRNA target \[[@b134]\]. Numerous publications attest to the importance of the developmental effects of miRNA-mediated regulation of gene expression. For example, miRNAs participate in the maternal-to-zygotic transition during early embryogenesis and affect the differentiation of many tissue types \[[@b133]\]. In human beings, miRNA disruption has been described in association with several cancers -- a finding with important implications for cancer aetiology, diagnosis and potentially for cancer treatment \[[@b135]\].

Evidence for the importance of miRNAs in the regulation of angiogenesis comes from observations that Dicer is required for embryonic angiogenesis and that its deficiency results in severely compromised embryos and yolk sacs, as well as decreased expression of several important positive regulators of angiogenesis \[[@b136]\]. More recently, it has been observed that silencing Dicer or, to a lesser extent Drosha, in adult endothelial cells results in the down-regulation of positive regulators of the angiogenic phe-notype and impaired tube formation on Matrigel \[[@b137], [@b138]\]. Overall, these observations suggest that miRNAs are necessary during angiogenesis. Consistent with this observation, changes in miRNA expression profiles in response to angiogenesis have been reported and a few individual miRNAs have been shown to importantly regulate angiogenic processes. Intriguingly, both pro-angiogenic (targeting anti-angiogenic mRNAs) and anti-angio-genic miRNAs (targeting pro-angiogenic mRNAs) exist.

The microRNA cluster miR-17--92 is up-regulated in colono-cytes co-expressing the proto-oncogenes K-rasand c-Myc \[[@b139]\]. Notably, miR-17--92-transduced cells also formed larger, better-perfused tumours, thereby establishing a role for the miR-17--92 in augmenting tumour angiogenesis \[[@b139]\]. The tumour-promoting and pro-angiogenic functions of the miRNAs encoded by this cluster have been attributed to miR-18 and miR-19, which inhibit apoptosis of tumour cells and promote tumour angiogenesis by suppressing the release of soluble anti-angiogenic factors, including Thbs-1 by tumour cells, thereby affecting endothelial cells in a paracrine manner. The miR-130a, which is expressed in proliferating endothelial cells, down-regulates the expression of the diverged homeodomain gene GAx (also known as MEOx2) - a well-established inhibitor of angiogenesis. Another microRNA, the miR-378, has been demonstrated to function as an oncogene, enhancing both tumour cell survival and blood vessel expansion through repression of the expression of two tumour suppressors \[[@b140]\]. Other miRNAs implicated in stimulating angiogenic processes are Let-7b and miR-27b \[[@b138]\]. Altogether, this indicates that specific miRNAs can be pro-angiogenic by repressing the expression of anti-angiogenic factors.

Other miRNAs were shown to exert anti-angiogenic effects as well. For instance, the miR-221 and -222 inhibit angiogenic processes by blocking tube formation and endothelial cell migration \[[@b141]\]. Moreover, the impairment in angiogenesis in Dicer-deficient mice was associated with a lack of miR17--5p and let7b miRNAs, which negatively regulate the expression of the anti-angiogenic TIMP1 (ref. \[[@b142]\]). Injection of miR17--5p and let7b miRNAs into the ovaries of Dicer-deficient mice normalized the expression of TIMP-1 and restored corpus luteum angiogenesis \[[@b142]\]. In addition, miR-15 and miR-16 have been shown to be down-regulated by hypoxia in a carcinoma cell line and to control the expression of VEGF \[[@b143]\]. Very recently, miRNA-126 was shown to regulate the response of endothelial cells to VEGF, in part by repressing negative regulators of VEGF, including the Sprouty-related SPRED1 and the phospoinositol-3 kinase regulatory subunit 2(PIK3R2/p85-ß) \[[@b144], [@b145]\]. The ability of these miRNAs to antagonize the angiogenic activity of various factors is striking, offering potential approaches as an anti-angiogenic strategy in cancer.

Perspectives
============

Emerging evidence shows that various levels of genetic variability, including mutations, SNPs, methylation patterns and miRNAs, influence the expression of angiogenic factors, and hence, determine the pro- or anti-angiogenic balance associated with disease. In the past, genetic studies have been crucial in identifying mutations in angiogenic factors, as evidenced by the discovery of disease-causing mutations in HHT and other vascular anomalies. Novel genetic approaches have now been developed, allowing the unbiased identification of genetic variants at other genetic levels. For instance, GWA studies have demonstrated their potential to identify SNPs associated with complex diseases such as diabetes, inflammatory bowel disease and cancer. Likewise, arrays allowing the methylation state of CpG islands or expression of microRNAs to be determined on a genome-wide scale have only recently become available within the scientific community. An obvious question is whether the availability of these novel technologies will further contribute to our understanding of how genetic factors in angiogenesis contribute to disease.

At first sight, relatively few angiogenic genes, if any at all, have been identified in GWA studies. This can be due to the fact that angiogenic factors do not cause complex diseases, but rather contribute to disease progression and heterogeneity. The cost of enrolling very large DNA cohorts needed to discover genes in GWA studies has so far precluded the collection of rich clinical follow-up data necessary for such analysis. It is expected, however, that many more clinical variables will be available in the future, in comparison to the phenotypically crude studies reported so far, allowing future GWA studies to identify novel or relevant vascular factors through the correlation of SNP genotypes with disease progression. Complex disease phenotypes, in which angiogenic factors will undoubtedly play a major role, include recovery from myocardial infarction, vascularization of solid tumours, etc. It is thus anticipated that unbiased genome-wide approaches at the different genetic levels will further contribute to our understanding of how the angio-genome contributes to disease.

An area of substantial future interest for the pharmaceutical industry is to perform pharmacogenomic GWA studies and to identify genetic markers for patient selection and stratification. Expensive or chronic medications for life-threatening conditions with narrow therapeutic index or frequent adverse events would be most suitable for pharmacogenomics. A prototype example of such a therapy in the vascular field is anti-VEGF treatment in cancer: indeed, although improving survival, only 45%, 35% and 30% of the bevacizumab-treated colorectal, lung and breast cancer patients, respectively, respond to angiogenesis inhibition \[[@b57], [@b146], [@b147]\]. A substantial number of treated patients also exhibit side effects, such as hypertension, thrombosis and proteinuria \[[@b57], [@b146], [@b147]\]. The underlying mechanisms determining which individuals respond to bevacizumab, or develop side effects, are yet unknown, but could possibly be determined by genetic variability in the germline DNA sequence. For instance, genetic variability in VEGFor its downstream receptors could render the tumour vas-culature more sensitive or resistant to VEGF inhibition. The observation that anti-VEGF treated tumours compensatorily up-regulate the expression of other angiogenic factors, thereby rendering the tumour vasculature less responsive to VEGF inhibition, is another intriguing observation which might be determined genetically. Copy number gains of the VEGF gene in tumours may further also represent a mechanism of resistance to VEGF inhibition. Insights into the genetic basis contributing to the efficacy of anti-VEGF therapy might also be of great value for patients with age-related macular degeneration.

Evidence, so far, has indicated that epigenetic changes also regulate angiogenic processes. Clinical trials with demethylating agents and inhibitors of histone deacetylation have yielded promising results, especially against haematologic malignancies. The findings that these drugs target both tumour cells as well as tumour endothelial cells make them suitable combinatorial cancer therapeutics. An intriguing question is whether epigenetic changes or chromosomal alterations in response to bevacizumab treatment contribute to the development of resistance against bevacizumab. The relative extent to which these epigenetic changes in (anti)-angiogenic factors also contribute to complex diseases other than cancer, has - to the best of our knowledge - not been investigated yet. In addition, the contribution of miRNAs modulating angio-genic processes to disease phenotypes is far from clear. Due to the lack of basic information about the miRNA gene structure, SNPs or methylation patterns in promotors or other regulatory regions might also represent an efficient way to determine the pro-or anti-angiogenic balance in complex diseases. Many pertinent and unanswered questions about which types of - and how - genetic variability modulate the angio-genome in diseases thus remain, emphasizing the need for further research into this field.
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